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Abstract

This technical memorandum discusses the implementation of a near-field method for predic-
tion of added resistance in the strip theory program SHIPMO7. Comparisons with experimental
data for Series 60 hull forms and a frigate indicate accuracy similar to other methods, including
three-dimensional codes. Advantages of the current method include computational efficiency, ro-
bustness, and reasonable values for added resistance in following seas. Inclusion of the SHIPMO7
dynamic swell-up option improves accuracy of added resistance predictions for the frigate but
degrades accuracy for the Series 60 hull forms.

Résumé

Cette note technique traite de la mise en oeuvre d’une méthode de prévision par champ
proche de la résistance accrue dans le programme SHIPMO?7 de la théorie des bandes. Les
comparaisons avec les données expérimentales pour les formes de coque de la série 60 et une
frégate indiquent que la précision est similaire & celle des autres méthodes, y compris les codes
tridimensionnels. Les avantages de la méthode actuelle sont l'efficacité de calcul, la robustesse
et des valeurs raisonnables de la résistance accrue dans des mers arriere. L’utilisation de 'option
de correction de la houle SHIPMO7 semble améliorer les résultats pour la frégate mais semble
empirer les résultats pour les formes de coque de la série 60.
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ADDED RESISTANCE PREDICTION IN SHIPMO?
USING A NEAR-FIELD METHOD

by

Kevin McTaggart
EXECUTIVE SUMMARY

Introduction

The resistance of a ship travelling through waves is known to be greater than the ship
resistance in calm water. This resistance due to waves, commonly called added resistance, arises
from the temporal average of the unsteady surge force acting on the ship. Added resistance
is important in ship design because it can increase propulsion requirements for a ship which
must achieve a specified speed in a seaway. The increased propeller speed required to overcome
added resistance will also reduce the cavitation inception speed for a ship. This report describes
the implementation of an added resistance prediction capability into DREA’s strip theory ship
motion program SHIPMO?.

Principal Results

The new added resistance method uses short and long wavelength approximations to predict
added resistance over the entire wavelength range. Comparisons with model tests for Series 60
ships in head seas and an FFG 7 in head and oblique seas indicate that SHIPMO?7 gives fair
agreement, which is consistent with other prediction methods, including more complex three-
dimensional codes. In general, added resistance is more difficult to predict than ship motions
because added resistance is a second-order phenomenon. In following seas, SHIPMO7 gives
significantly better added resistance predictions than some of the other methods. The SHIPMO7
dynamic swell-up option influences added resistance predictions, giving better agreement with
experiments for the FFG 7 in head seas and worse agreement for the less slender Series 60 ships.

Significance of Results

SHIPMOY now has a robust, computationally efficient method for predicting added resistance
in waves. It is uncertain whether three-dimensional methods provide superior results to strip
theory which would warrant their usage. Although the present method is limited in accuracy,
it can be used for approximate estimates which can be useful in preliminary design work.

Future Plans

The present method likely represents the limit for accuracy of added resistance predictions
using strip theory. Possible future work includes examining the accuracy of added resistance pre-
dictions using three-dimensional methods and comparing them against the present strip theory
implementation.
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1 Introduction

The resistance of a ship travelling through waves is known to be greater than the ship
resistance in calm water. This resistance due to waves, commonly called added resistance, arises
from the temporal average of the unsteady surge force acting on the ship. Added resistance is
important in ship design because it can increase propulsion requirements for a ship which must
achieve a specified speed in a seaway. The increased propeller speed required to overcome added
resistance will also lower cavitation speed. This report describes the prediction of ship added
resistance in waves through implementation of the theory of Faltinsen et al. [1] into DREA’s
strip theory code SHIPMO7 [2].

The following section contains background information, including a review of previous work
on added resistance in waves. The added resistance theory of Faltinsen et al. [1] is then given us-
ing the notation conventions of the SHIPMO theoretical formulation from Schmitke and Whitten
[3]. Comparisons with experimental data for four different ships are used to assess the validity
of the theoretical method in head and oblique seas. Further comparisons illustrate the effect of
swell-up due to ship forward speed on added resistance predictions. Finally, recommendations
are made regarding the applicability of the current method to added resistance computations
for ship design.

2 Background

The steady wave drift force acting on a ship is the temporal average of the unsteady wave
forces. Added resistance is the longitudinal component of the steady wave drift force. Since
added resistance is a second-order phenomenon, it is significantly more difficult to predlct than
first-order phenomena such as ship motions.

Before describing the available literature, it is useful to distinguish between far-field and
near-field methods for computing added resistance. A far-field method considers the mean rate
of wave energy being radiated away from a ship travelling in a seaway. The term far-field
arises because momentum flux is evaluated across a vertical control surface of infinite radius
surrounding the ship. Not surprisingly, far-field equations for predicting added resistance include
ship hydrodynamic damping terms. In contrast, near-field methods obtain wave drift force by
direct integration of the pressure distribution on the ship surface. As will be shown in the next
section, the wave drift force from near-field methods is largely determined by the ship relative
motion.

Many authors have examined added resistance using far-field methods. Havelock [4] and
Maruo [5] were among the first to present theories for predicting added resistance in waves.
Gerritsma and Beukelman’s method [6] for added resistance in head seas has become popular
because it is relatively simple to implement in strip theory codes. Salvesen [7, 8] also gives a
prediction method compatible with strip theory programs. Unlike Gerritsma and Beukelman’s
method, Salvesen’s method can predict added resistance for oblique wave directions. Fang [9]
recently published an extension to Salvesen’s theory, which is reported to give better results.
An alternative strip theory method is given by Lin and Reed {10].

Near-field methods are given by Faltinsen et al. {1], Hearn et al. [11}, and Hsiung and Huang
(12]. Hearn et al. present computations for both near and far-field methods implemented into a
three-dimensional ship motion program. Their results indicate that the near-field method gives




results superior to the far-field method.

Relatively few experimental data exist for added resistance in waves. Head seas data from
Gerritsma and Beukelman [6] and Strom-Tejsen et al. [13] have been used for validation in
References 1, 6, 7, and 11. O’Dea and Kim [14] provide a rare source of experimental data for
oblique seas.

McTaggart [15] tried an implementation of Salvesen’s far-field method [7] in SHIPMOS.
Comparisons with Salvesen’s computations indicated that the theory was correctly implemented;
however, the method was not permanently implemented into SHIPMO because of poor agree-
ment with experiments in many cases, particularly in oblique seas. It is postulated that errors
in the added resistance predictions were largely due to inaccuracies in hydrodynamic coefficients
and motions predicted by strip theory, which assumes low Froude number, high wave frequency,
and slender ship geometry.

DMSS sponsored the implementation of a near-field added resistance capability into SMCA,
a three-dimeisional ship motion code developed by Hsiung and Huang [12, 16]. SMCA gives
good predictions of added resistance for a few sample cases; however, more validation is required.
Unlike most three-dimensional ship motion programs, SMCA can include the diffraction compo-
nent of the steady forward speed potential when evaluating the hydrodynamic “m” terms. The
inclusion of full m terms should give improved predictions of ship motions, sea loads, and added
resistance at forward speed; however, results in Reference 12 indicate uncertainty regarding the
benefits of using full m terms compared with the more commonly used simplified m terms.

This technical memorandum examines the implementation of the near-field method of Faltin-
sen et al. [1] into SHIPMO?7. The implementation of a near-field method into SHIPMO7 was
prompted by several factors. Although Reference 15 showed that a far-field method gave limited
success, strip theory generally gives better predictions of relative motion than of damping coefhi-
cients; thus, a near-field method based on the ship relative motion would likely be more accurate
with strip theory than a far-field method. Hearn’s results with a three-dimensional code also
indicate that a near-field method is more accurate. In comparison to SMCA, SHIPMOY is more
robust, has easier input preparation, and requires much less computation time. Consequently,
SHIPMOY is preferable to SMCA if the two codes produce predictions of similar accuracy. An-
other factor in support of the near-field method is that its implementation into SHIPMO7 was
straightforward, requiring only the addition of a small number of lines to the code.

3 Theory

The added resistance theory implemented in SHIPMOY is described in detail in Reference 1.
This section gives the equations from Reference 1 using SHIPMO notation (see Reference 3);
thus, the original equations are slightly modified. The SHIPMO coordinate system is shown in
Figure 1 and the wave direction s is defined according to Figure 2.

The near-field method predicts added resistance in waves using the following equation:

Baw = ~/mds (3.1)
S

where S is the wetted surface of the ship, p is hydrodynamic pressure, and ng is the x component
of the normal vector pointing into the ship. The line over p n; indicates the time average. In
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practice, the above equation must be evaluated very carefully because the terms within the
integral tend to nullify each other, with added resistance being the final residual.

As indicated by References 1 and 11, the dominant term in the near-field method is the
following integral taken about the ship waterline:

Raw = —£2 /lgz(x,y,t) o dl (3.2)
w

where wl is the ship waterline and (,(z,y,t) is the relative motion. Neglecting the effect of
dynamic swell-up due to ship forward speed, the relative motion can be expressed as:

& = (G +C¢p — M3 — yma + s (3.3)

where (; is the incident wave elevation, (p is the diffracted wave elevation, 03 is ship heave, 14
is ship roll, and 75 is ship pitch. As discussed in References 2 and 17, the relative motion can
be re-written to include the effect of swell-up due to forward ship speed as follows:

G = (1 + ?%M) € +<¢p — 3 — yma + x75) (3.4)

where h(z,U) is the steady wave elevation along the ship due to forward speed and T is ship
draft.

The greatest problem in applying Equation (3.2) to predicting added resistance is that strip
theory cannot evaluate the diffracted wave elevation {p. Fortunately, Reference 1 gives two
different near-field equations for determining added resistance within this limitation of strip
theory. When wavelength is of the order of ship length or greater, ship motions will be significant
but diffraction effects will be negligible (i.e. (p = 0). The added resistance in long waves will
then be based on Equation (3.2), which is re-formulated to account for the displacement of the
ship axes due to ship motions:

Rl = —%/le(m,y,t) nedl — w2 AR+ WA THT (3.5)
w

where w, is wave encounter frequency and A is ship mass. Within SHIPMO, the relationships
between the time averages and complex RAOs are:

- _ 1 )

Z = 2l (3.6)
TRs = % (Real {n3} Real {5} + Imag{n3}Imag{ns}) (3.7
T = 3 (Real{na}Real {rc} + Tmag {nz} Imag {nc}) (39

As wavelength approaches zero, ship motions approach zero but diffraction effects (including
wave reflection) become important. Figure 3 illustrates that diffraction effects will cause wave
elevation to approach zero on the lee side of a body. SHIPMO?7 uses the following equation
adapted from Reference 1 for predicting added resistance in short waves:

Py
R.‘X‘%/V = - C%(m,y7t) Ny
2 wl*

X {sin2(6 +7—8s) + %J- [1 — cosfcos(f + 7 — ,Bs)]} dl (3.9)
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Figure 3: Influence of Diffraction on Wave Elevation in Vicinity of Body

where wl* is the portion of the ship waterline exposed to the incident waves and € is:

9 = tan~!122 (3.10)
Ny
If d9/dl is continually increasing or decreasing about the ship waterline, which is the case for
most ships, then the segment dl on the waterline will be exposed to the incident waves if the
difference between |tan~!n,/n;| and —f; is less than 90 degrees.
With a strip theory code such as SHIPMO, no rational method exists for determining added
resistance in the transition region between the short and long wave regimes; however, the fol-
lowing equation gives reasonable results using the short and long wave equations:

R for \/L>1
Raw = AW e s /L2 (3.11)
ma.X(RAw, AW) for >\/L < 1

For a ship in irregular seas, the mean added resistance can be evaluated using the following
equation from Salvesen:

Raw = 2 [ [ Buw(Bw) S(B,w) dp, do (312)

where R';;;, is added resistance in unit amplitude regular waves and S(fs,w) is wave elevation
spectral density.




4 Added Resistance in Head Seas for Series 60 Hull Forms

The Series 60 hull form series described in Reference 18 has been the subject of several
added resistance studies. Table 1 gives dimensions for the models considered in the present
investigation, while Figure 4 gives waterplanes which illustrate the slenderness of the ships.
Strom-Tejsen et al. [13] measured added resistance in regular head seas for Series 60 mod-
els. Salvesen [7] used these experimental results to validate his theory, which was tested with
SHIPMOS5 [15]. The implementation of Salvesen’s theory in SHIPMOS5 was shown to be correct
and gave good agreement with experiments for Series 60 models. Hearn et al. {11] compared
predictions from three-dimensional near-field and far-field methods with Series 60 experimental
data. The comparsions indicate that their near-field method is superior to their far-field method.
Hsiung and Huang [12] obtained good agreement with experimental data for two Series 60 forms
using SMCAA4.

Table 1: Dimensions for Series 60 Models

Cp =060 Cp=070 Cp =080

Length, L (m) 121.9 121.9 121.9
Beam, B (m) 16.25 17.42 18.76
Draft, T (m) 6.50 6.97 7.50
Length/Beam, L/B 7.50 7.00 6.60
Beam/Draft, B/T 2.50 2.50 2.50

Figure 5 to 10 show comparisons between numerical predictions and experimental data for
Series 60 models. SHIPMO7 over-predicts added resistance for almost all cases. The figures
include three dimensional results from Hearn’s near-field method and from SMCA4 using full
m-terms. The three dimensional codes do not give significantly better results than SHIPMO7.
The Series 60 results indicate that Equation (3.11) provides a reasonable method for combining
long and short wavelength predictions of added resistance.




Series 60, Cg = 0.60

V

Series 60, Cg = 0.70

Series 60, Cg = 0.80

VAR

FFG7

NN

Figure 4: Waterplanes of Series 60 Ships and FFG 7




20

N —— SHIPMO?
i - - - SHIPMOS5 (far-field)
Y 2 W— Hearn (near-field)
15 i 0O Experiments
Added I
Resistance i
R L
pgaﬁ(Bg/L) i
5
]
‘‘‘‘‘‘‘‘‘‘‘ |
0-2 3 4 5 6 7

wev/L/g

Figure 5: Added Resistance in Head Seas for Series 60, Cp = 0.60, F'n = 0.266

20

- —— SHIPMO7
I . - -~ SHIPMOS (far-field)
i ‘\ O Experiments
15
Added I
Resistance N
Raw -
pga’ (BV" /L) i

wev/'L/g

Figure 6: Added Resistance in Head Seas for Series 60, Cp = 0.60, Fn = 0.283




20

N —— SHIPMO?7
i -~ ~ SHIPMOS5 (far-field)
s Hearn (near-field)
15 T SMCA4 (with m terms)
L 0O Experiments
Added -
Resistance -
__Raw [
pga*(B?/L) i
5 —
: 0
i wabd :
0 e "T ) J
2 o !

wev/L/g

Figure 7: Added Resistance in Head Seas for Series 60, Cp = 0.70, Fn = 0.207

20

15

Added
Resistance

Ry
pga®(B%/L)

T T T T | T T T ¥ 1 T T T I i 1 T T T I

. —— SHIPMO7
O Experiments

wer/L/g

Figure 8: Added Resistance in Head Seas for Series 60, Cp = 0.70, Fn = 0.222




20

15

Added
Resistance

Rg]%
ga*(B*/L)

p

T T T l T T T T | T T L] T [ T T T T '

—— SHIPMO7

-+ SMCA4 (with m terms)
O Experiments

5 g O s O
O
] | ] | I J
02 4 5 6
We L/ g

Figure 9: Added Resistance in Head Seas for Series 60, Cp = 0.80, F'n = 0.147

200 — SHIPMO7
i ——— SHIPMOS5 (far-field)
e — Hearn (near-field)
15 - O Experiments
Added I
Resistance r
10 -
Raw "
Pal(BL)  f
5 b
L O O
I O g g O
] N [} .
o Y ek & 1
2 5 6

Figure 10: Added Resistance in Head Seas for Series 60, Cp = 0.80, F'n = 0.165

10




5 Added Resistance in Head and Oblique Seas for FFG 7
Frigate

To assess the validity of the SHIPMO7 added resistance implementation for fine hull forms,
comparisons with experimental results were made for an American FFG 7 frigate. Figure 4
shows the waterplane of the FFG 7, with dimensions given in Table 2. O’Dea and Kim [14]
give experimental added resistance results for the FFFG 7 and a comparison with numerical
predictions based on the far-field strip theory of Lin and Reed [10]. These results are shown in
Figures 11 to 26 along with predictions from SHIPMOS5 and SHIPMO?7.

Table 2: Dimensions for FFG 7 Frigate

Length, L (m) 124.4
Beam, B (m) 13.55
Draft, T (m) 4.37

Length/Beam, L/B  9.18
Beam/Draft, B/T 3.10
Block coefficient, Cp 0.4

Initial SHIPMO?7 predictions of added resistance in oblique seas gave unrealistically high
peaks when the wave encounter frequency was near the roll natural frequency of the ship. The
source of these high added resistance values was very large roll motions because the SHIPMO7
data file for the FFG 7 did not include any appendages. This problem was alleviated by adding
bilge keels to the FFG 7 such that the predlcted roll motions were approximately equal to those
given in Reference 19.

The SHIPMOT added resistance predictions are generally lower than the experimental values.
In most cases the SHIPMO?7 values are similar to the SHIPMOS far-field values. The greatest
advantage of the SHIPMOT7 predictions relative to predictions by SHIPMOS5 and O’Dea and
Kim is that SHIPMO?7 gives nominally acceptable values for following seas (headings of 0 and
45 degrees) while SHIPMOS5 and O'Dea and Kim give large negative values.
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6 Influence of Swell-Up Corrections on Added Resistance

The forward speed of a ship and resulting swell-up influences the relative motion and re-
sulting added resistance. SHIPMO?7 includes swell-up correction options using Equation (3.4).
Computation of the swell-up coefficient (1 + 0h/0T) is based on the assumption that ship sec-
tional area A, varies gradually along the length of the ship. For a transom stern ship, this
assumption is invalid near the stern and the swell-up prediction method gives poor results. In
this case, SHIPMO7 can apply full swell-up correction along the forward half of the ship and a
partial swell-up correction factor (1 + adh/0T) along the aft half, with the weighting factor o
varying linearly from unity at midships to zero at the stern. SHIPMO?7 sets a limiting range of
0.5-2.0 for swell-up correction factors. '

Figures 27 to 42 show swell-up coefficients and resulting added resistance predictions in head
seas for the Series 60 ships and FFG 7, with station 0 at the foward perpendicular and station 20
at the aft perpendicular for each ship. Each ship has a transom stern; thus, the full SHIPMO7
swell-up correction should not be applied to any of them. Results for full swell-up corrections
are given strictly for comparison.

The calculated swell-up coefficients confirm that the full swell-up correction gives erratic re-
sults near the stern for transom stern ships; the bow swell-up correction method gives reasonable
results along the total length of the ship. In all cases, swell-up correction increases the resulting
added resistance. For the Series 60 ships, the increased added resistance gives poorer agreement
with experiments, while agreement improves for the FFG 7. Given that the more slender FFG 7
is better suited to strip theory than the Series 60 ships, the results suggest that inclusion of
swell-up correction provides improved modelling of the physics of added resistance in waves.
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Figure 27: Swell-up Correction Factors for Series 60, Cp = 0.60, F'n = 0.266
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Figure 28: Influence of Swell-up Correction on Added Resistance in Head Seas for Series 60,
Cp = 0.60, Fn = 0.266
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Figure 29: Swell-up Correction Factors for Series 60, Cp = 0.60, Fn = 0.283
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Figure 30: Influence of Swell-up Correction on Added Resistance in Head Seas for Series 60,
Cp = 0.60, Fn = 0.283
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Figure 31: Swell-up Correction Factors for Series 60, Cp = 0.70, Fn = 0.207
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Figure 32: Influence of Swell-up Correction on Added Resistance in Head Seas for Series 60,

Cp = 0.70, Fn = 0.207
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Figure 33: Swell-up Correction Factors for Series 60, Cg = 0.70, F'n = 0.222
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Figure 34: Influence of Swell-up Correction on Added Resistance in Head Seas for Series 60,
Cp =0.70, Fn = 0.222
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Figure 35: Swell-up Correction Factors for Series 60, Cp = 0.80, F'n = 0.147
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Figure 36: Influence of Swell-up Correction on Added Resistance in Head Seas for Series 60,
Cp = 0.80, F'n = 0.147
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Figure 37: Swell-up Correction Factors for Series 60, Cp = 0.80, F'n = 0.165
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Figure 38: Influence of Swell-up Correction on Added Resistance in Head Seas for Series 60,

Cp =0.80, Fn = 0.165
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Figure 39: Swell-up Correction Factors for FFG 7, Fn = 0.15
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Figure 40: Influence of Swell-up Correction on Added.Resistance in Head Seas for FFG 7, Fn
= 0.15
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Figure 41: Swell-up Correction Factors for FFG 7, Fn = 0.30
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Figure 42: Influence of Swell-up Correction on Added Resistance in Head Seas for FFG 7, Fn
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7 Conclusions

SHIPMO?7 includes a near-field method for computing added resistance in waves. This
method uses approximations based on short and long wavelengths to obtain added resistance
across the entire wavelength range. It provides fair agreement with experimental results for Series
60 models in head seas and for the FFG 7 in head and oblique seas. Unlike some other methods,
the present method does not incorrectly predict large negative values of added resistance for the
FFG 7 in following seas.

The inclusion of swell-up correction due to ship forward speed appears to improve added
resistance predictions in head seas for the FFG 7, which has a fine hull form. For the Series 60
ships, which have fuller hull forms, inclusion of swell-up correction leads to poorer agreement
with experiments. For a transom stern ship, the SHIPMO7 option for bow swell-up correction
should be applied rather than full swell-up correction.

Based on theoretical considerations, a three-dimensional ship motion code such as SMCA4
should be able to give better added resistance predictions than the strip theory of SHIPMO7. A
validation study comparing the results of SMCA4 and other available three-dimensional codes
with the present strip theory implementation would be worthwhile.
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